Oral squamous cell carcinoma (OSCC) is a prevalent malignancy worldwide. MicroRNAs are short non-coding RNAs that regulate gene expression and are crucial for tumorigenesis. Previously, we have identified that miR-31 is frequently upregulated in OSCC and that this miR-31 increase, together with downstream effector modulation, enhances oral carcinogenesis. We have identified higher levels of miR-31 expression in oral potential malignant disorder (OPMD) tissues compared with normal oral mucosa. Exogenous miR-31 and human telomerase reverse transcriptase (hTERT) expression were introduced into cultured normal oral keratinocytes (NOKs), which led to the immortalization; these lines were designated M31OK1 and M31OK3. These immortalized lines maintained the capability to undergo squamous differentiation. In addition, migration by both cell lines was attenuated by hTERT and miR-31 knockdown. M31OK1 carries a p53 gene mutation at codon 273. A serum-tolerant subline, M31OK1-D, exhibits potent anchorage-independent growth that is attenuated by knockdown of both hTERT and miR-31. miR-31-targeted factors inhibiting HIF (FIH), which upregulated vascular endothelial growth factor (VEGF), was found crucial for oral tumorigenesis. The proliferation, migration and epithelial-mesenchymal transition of M31OK1-D are associated with downregulation of FIH and upregulation of VEGF, which require miR-31 expression. High miR-31 expression is correlated with higher VEGF expression and lower E-cadherin expression in OPMD tissue. It can be concluded that miR-31 collaborates with hTERT to immortalize NOKs and that this may contribute to early stage oral carcinogenesis. The targeting of downstream factors by miR-31 may further advance the neoplastic progression of immortalized NOKs, allowing them to become malignant.
Introduction
Oral squamous cell carcinoma (OSCC) is one of the most prevalent malignancies worldwide (1) (2) (3) . The prevalence of OSCC is highly related to the consumption of tobacco, smoking, alcohol drinking, betel quid chewing, the presence of human papillomavirus (HPV) and the presence of other carcinogenic stimuli (3, 4) . MicroRNAs (miRNAs) are 20-22 nucleotide small non-coding RNA molecules that negatively regulate the expression of target genes. Previous studies have confirmed the importance of miRNA alterations to head and neck squamous cell carcinoma (HNSCC) or OSCC carcinogenesis. miR-21, miR-31 and miR-184 have been found to be important oncogenic miRNAs, whereas various let-7 family members, miR-137 and other miRNA molecules are suppressor miRNAs in terms of HNSCC and/or OSCC (1, (5) (6) (7) (8) .
Studies, including those of our group, have demonstrated that miR-31 is drastically upregulated in OSCC (1, 7) . Hypoxia-inducing factor (HIF) is crucial for the angiogenesis and invasion of malignant cells in hypoxic microenvironments (9) . We identified that miR-31 targets factors inhibiting HIF (FIH), allowing activation of the hypoxia cascade and vascular endothelial growth factor (VEGF) upregulation; this enhanced the oncogenicity of OSCC cells (1) . Other evidences have confirmed that miR-31 is oncogenic with respect to esophageal, lung and colorectal carcinomas and that this involves targeting of tumor suppressors such as LATS2 and SATB2 in different types of cells (10) (11) (12) . However, downregulation of miR-31 has been shown to occur in metastatic breast carcinoma and a number of other malignancies and this seems to involve the targeting of genes that regulate the survival and/or migration of cancer cells (13) .
Oral epithelium is repeatedly attacked by carcinogens and there is an accumulation of multiple molecular aberrances that may eventually result in a genuine malignancy. Oral leukoplakia histopathologically appears as hyperkeratosis, dyskeratosis, hyperplasia or epithelial dysplasia, and accounts for the vast majority of oral potentially malignant disorder (OPMD) events that precede OSCC. A study analyzing sequential and progressive oral leukoplakia samples, and their OSCC counterparts, has identified aberrations in miR-21, miR-345, miR-181b, miR-146a and other miRNAs during progressive dysplasia and OSCC (14) . The miRNAs upregulated in OSCC also seem to be upregulated in OPMD that is undergoing malignant transformation. However, functional evidence that is able to demonstrate that one or more oncogenic miRNA contribute to the development of OSCC is still not available. Such a miRNA could then be a target for abrogation and may be able to effectively intercept the progression of early stage oral carcinogenesis.
Normal cells have a finite life span and eventually reach replicative senescence in culture (15) . Immortalization of such cells is the initial stage of tumorigenesis. This is followed by a transformation process that results in a frank neoplasm and then a further progression to fully invasive and metastatic malignancy (16) . A series of molecular aberrances are involved in the malignant transformation and clonal expansion of neoplastic cells (17) . Immortalization or partial transformation of normal oral keratinocyte (NOK) can be achieved by transfection with the HPV16 E6 and E7 oncogenes (18) , which inactivates p53 and Rb, respectively (19) . The human telomerase reverse transcriptase (hTERT) gene encodes the catalytic unit of telomerase that allows the maintenance of telomere length and also an escape from replicative senescence. Acquirement for hTERT expression is an early event in oral carcinogenesis (20) . Moreover, hTERT expression increases as the severity of OPMD increases (21) . Since miR-31 enhances OSCC oncogenicity, this study sought to demonstrate that a high expression of miR-31 occurs in OPMD, and that exogenous miR-31 expression in combination with hTERT expression is capable of immortalizing NOKs. The findings indicate that miR-31 is a significant contributor to the early oral carcinogenesis development.
Materials and methods

OPMD tissue samples
This study was approved by Institutional Review Boards of Taipei Veterans General Hospital and National Yang-Ming University Hospital. The Abbreviations: AIG, anchorage-independent growth; DMEM, Dulbecco's modified Eagle's medium; EMT, epithelial-mesenchymal transition; FIH, factor inhibiting HIF; HIF, hypoxia-inducing factor; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; hTERT, human telomerase reverse transcriptase; ISH, in situ hybridization; miRNA, microRNA; KSFM, keratinocyte serum-free medium; NOK, normal oral keratinocyte; OPMD, oral potential malignant disorder; OSCC, oral squamous cell carcinoma; PD, population doubling; SA-β-gal, senescence-associated β-galactosidase; VEGF, vascular endothelial growth factor. miR-31 enhances epithelial cell immortalization tissue samples were obtained from patients who gave informed consent. The clinicopathological features are in Supplementary Table S1 , available at Carcinogenesis Online.
In situ hybridization
The miRCURY LNA™ miR-31 probe was labeled with digoxigenin and all associated reagents were purchased from Exiqon (Vedbaek, Denmark). The paraffin sections were rehydrated, digested with protease K, fixed, prehybridized and hybridized with the miR-31 probe. Slides were washed, incubated with anti-digoxigenin antibody, and then reacted with chromogen to detect the signal. The miR-31 staining was captured by Image-Pro Plus software (IPP; Media Cybernetic, Rockville, MD) and quantified by pixel analysis using Photoshop software (Adobe, San Jose, CA) (22) .
Cell culture and reagents
NOKs were established from oral mucosal epithelium and grown in keratinocyte serum-free medium (KSFM) with low Ca ++ (0.1 mM) (Invitrogen, Carlsbad, CA) at 37°C in a humidified atmosphere of 5% CO 2 (3, 23) . They were named according to the year established and their order in the year. For instance, NOK-10-11 is the 11th NOK cell line established in the year 2010. SAS is a tumorigenic OSCC cell line and OECM-1 is a non-tumorigenic OSCC cell line. SAS carries a truncation of the C-terminal region of p53, while it shows wild-type p53 activity (24) . OECM-1 carries a G to T transversion at codon 173 (GTG to TTG, Val to Leu) in exon 5 of p53 (25) . The cells were grown in DMEM (Invitrogen) and RPMI-1640 medium (Invitrogen), respectively, supplemented with 10% heat-inactivated fetal bovine serum (Biological Industries, Kibbutz Bait Hayek, Israel). The cultivation of other OSCC cells followed the protocol previously used (1, 26, 27) . For serial culture, the number of population doubling (PD) was calculated at each passage using the following equation: PD = log 2 (number of collected cells/number of plated cells) + PD of previous passage (23, 28) . The PD time of cells during over a culture period was calculated using the following equation: PD time = duration of culture hours/log 2 (number of collected cells/number of plated cells). miR-31 locked nucleic acid (miR-31 LNA) and miR-31 mimic, together with control, were purchased from Applied Biosystems (Foster City, CA). si-hTERT and si-FIH oligonucleotides for transient knockdown of hTERT and FIH expression, respectively, together with a scramble control oligonucleotide, were purchased from Santa Cruz Biotech (Santa Cruz, CA). TransFectin™ (Bio-Rad, Hercules, CA) lipid reagent was used as the transfection reagent. Unless specified, all other reagents were purchased from Sigma-Aldrich (St Louis, MO).
Viral infection for exogenous gene expression
A lentivirus that carries the pri-pre-miR-31 sequence and a green fluorescence protein tag was previously generated in our laboratory and was used in this study to infect cells for exogenous expression of miR-31 (1) . A retrovirus carrying hTERT sequence was used to infect cells to allow exogenous hTERT expression. NOKs were infected with the lentivirus and/or retrovirus and were then subjected to quantitative reverse transcription-polymerase chain reaction analysis and growth analysis.
Quantitative reverse transcription-polymerase chain reaction analysis
Total RNA was isolated from cells. The expression of miR-31 and miR-200c was analyzed using TaqMan MicroRNA Assays kits (Applied Biosystems) according to the manufacturer's instructions (1, 27) . PCR reactions were carried out using the Quantica® real time nucleic acid detection system (Techne, Burlington, NJ) and RNU6B (for cell analysis) as the internal controls. hTERT and involucrin messenger RNA expression was assayed using the TaqMan Gene Expression Assay systems (Applied Biosystems). The comparative threshold cycle (Ct) method was used to measure changes in gene expression. 2
ΔΔCt represents the fold change in expression. A negative control without a template was run in parallel to assess the overall specificity of the reaction.
p53 mutation
Total RNA was converted to complementary DNA. The coding sequence (1167 bp) of p53 was amplified using four primer pairs and complementary DNA (25) . PCR products were purified and sequenced directly.
Western blot analysis
Western blot analysis was carried out by following previously used protocols (1) and the primary antibodies presented in Supplementary Table S2, available at Carcinogenesis Online.
Immunohistochemistry
The immunoreactivities of E-cadherin, Ki-67, p53, VEGF and vimentin in OPMD were detected by immunohistochemistry following previously reported protocols (1) . Incubation of primary antibodies was at 4°C overnight (Supplementary Table S2 , available at Carcinogenesis Online). Preimmunized mouse IgG was used as a negative control. 3,3′-Diaminobenzidine (Dako, Glostrup, Denmark) was the chromogen. Immunoreactivities were captured and analyzed using the same methodology as that for in situ hybridization (ISH) (22) . 
Statistical analysis
Results
Increased miR-31 expression is present in OPMD tissues compared with normal oral mucosa ISH analysis indicated a scatter faint miR-31 staining in the basal cell layer of normal gingival epithelium ( Figure 1A ; Supplementary Figure S1 , available at Carcinogenesis Online). However, more intensive nuclear and/or cytosolic miR-31 staining was seen across the full thickness or the lower two-thirds of the squamous epithelium of the OPMD tissue samples ( Figure 1B and C Table S1 , available at Carcinogenesis Online).
Immortalization of NOKs by hTERT and miR-31
To determine whether miR-31 contributes to the immortalization of oral epithelial cells, primary NOK cells at passage 2 were infected with a retrovirus carrying hTERT first and/or a lentivirus carrying miR-31 1 day later. The cells were passaged continuously and their PD was estimated according to the ratio of harvested cells over seeded cells. NOKs without viral infection served as a side-by-side control for cell growth. The parental NOKs reach a growth plateau at around PD = 6 ( Figure 2A , left). Exogenous hTERT expression allowed the growth of one NOK line to exceed PD = 10, whereas it did not prolong the life span of the remained four NOKs (Figure 2A , middle). Exogenous expression of miR-31 alone did not bestow growth advantages as five individual NOKs that were examined with each reaching arrest at a similar time to that of the parental NOK (Figure 2A , right). Following combined viral infection in order to allow exogenous expression of both hTERT and miR-31 in 11 NOKs, four NOKs exhibited profound growth arrest at an early passage, probably due to viral toxicity, whereas two grew in a similar way to the parental NOKs. The remaining five NOKs exhibiting a prolonged life span of beyond PD = 10. Three of these five lines grew beyond PD = 20 and these were designated M31OK1, M31OK2 and M31OK3. M31OK1 grew continuously to PD = 50 within 150 days. The culturing of M31OK2 was terminated at PD = 22 on account of technical errors. A growth arrest crisis occurred in M31OK3 at around 50 days and PD = 30, but it continued to grow and reach PD = 50 after crisis. M31OK1 and M31OK3 both continued to grow beyond PD = 50 and were therefore characterized in more detail ( Figure 2B ). They have now grown for at least one and a half year after PD = 50 and are considered immortalized.
Both M31OK1 and M31OK3 exhibited green fluorescence. M31OK3 appeared polygonal or oval, whereas M31OK1 had a more elongated shape than M31OK3 ( Figure 2C , left). Quantitative reverse transcription-polymerase chain reaction analysis indicated that both M31OK1 and M31OK3 line had drastically higher expression levels of hTERT and miR-31 than control NOK cells ( Figure 2C , middle and right). To understand the senescence status of these cell lines, senescence-associated β-galactosidase (SA-β-gal) staining was performed. Exogenous hTERT expression nearly abolished the SA-β-gal staining, whereas the exogenous miR-31 expression also decreased about onethird of SA-β-gal staining in NOK. The concomitant miR-31 expression did not interrupt the effects of hTERT on attenuating SA-β-gal staining. There were <3% of M31OK1 and M31OK3 cells being positive for SA-β-gal staining ( Figure 2D ; Supplementary Figure S2 , available at Carcinogenesis Online). Since M31OK1 appeared more spindle shaped, which raised concerns that there might be contamination with fibroblasts, 1 mM calcium hydroxide was added to the culture medium for 24 or 48 h in order to induce squamous differentiation (23) . Two primary NOKs were used as side-by-side controls. On treatment, the messenger RNA and protein expression of involucrin together with the protein expression of transglutaminase-1 were upregulated ( Figure 2E , left and middle). In addition, the calcium treatment increased the abundance of total cytokeratin and switched the originally diverse patterns of cytokeratin into a more uniformed pattern ( Figure 2E , right). The results supported the idea that both M31OK1 and M31OK3 are epithelial in origin. Short tandom repeat typing indicated that M31OK1 and M31OK3 (certificate no. 2012ID059) are not contaminants from any known cell line. No HPV DNA was detected in either cell line (detailed analysis not shown).
Characterization of the immortalized M31OK lines
The phenotypes of the M31OK1 and M31OK3 cells, including sensitivity to taxol or etoposide treatment, proliferation, anoikis resistance and migration, were compared with multiple NOKs and OSCC cell lines. The sensitivity of both M31OK1 and M31OK3 to taxol and the sensitivity of M31OK1 to etoposide was approximately similar to that of the NOKs ( Figure 3A ; Supplementary Figure S3A and B, available at Carcinogenesis Online). The proliferation, anoikis resistance and migration capabilities of M31OK1 and M31OK3 lie between those of the NOKs and those of the SAS cell line ( Figure 3A ; Supplementary Figure S3C -E, available at Carcinogenesis Online). M31OK3 tended to have more NOK characteristics than M31OK1. Taxol induced autophagy in addition to apoptosis in M31OK1, as been shown by the increase of LC3-II fraction and decline of p62 ( Figure 3B ). Combined treatment of chloroquine, an inhibitor of autophagosome fusion and lysosomal activity, with taxol was further performed on M31OK1 cells. The results indicated an increase of LC3-II accumulation and a reversion of p62 decline in taxol-treated cells ( Figure 3C ), which confirmed the effect of taxol-induced autophagosis.
As both M31OK1 and M31OK3 exhibit rather rapid growth, we further explored whether the cells might carry a p53 mutation. The p53 coding sequences of M31OK1 and M31OK3 were amplified and sequenced in both directions. The analysis found that M31OK1 carried a CGT to CTT mutation at codon 273, which resulted in an amino acid changes from Arg to Leu in p53 ( Figure 3D, left) . The p53 mutation in M31OK1 was traced back and it seemed to have occurred at around PD = 20. M31OK3 did not have a p53 mutation, but rather carried a Pro to Pro/Arg polymorphism at codon 72 ( Figure 3D, right) . The p53 mutation in M31OK1 was associated with a high protein expression level ( Figure 3E ).
M31OK1 and M31OK3 were grown in KSFM combined with various non-defined media containing 0.5% fetal bovine serum at 1:1 ratio to see if they can adjust to other growth conditions. The analysis showed that M31OK1 grew well and became more spindle shape in KSFM combined with Dulbecco's modified Eagle's medium (DMEM), modified Eagle's medium, DMEM/F12 and RPMI 1640 ( Figure 3F ; Supplementary Figure S4 , available at Carcinogenesis Online), whereas M31OK3 was unable to grow stably in these combined media for >30 days. In addition, M31OK1 cultivated in media combined with DMEM and RPMI1640 grew faster than M31OK1. The cells that grew in the KSFM/DMEM combined medium were designated M31OK1-D. M31OK1-D subline exhibited more obvious spindle-shaped morphology than M31OK1 ( Figure 3G, left) . Immunofluorescence analysis indicated the presence of intense nuclear p53 and cytosolic vimentin in the M31OK1-D cells ( Figure 3G , middle). Although M31OK1 was only able to form a few small colonies on soft agar, M31OK1-D exhibited a rather strong anchorage-independent growth (AIG) potency on soft agar ( Figure 3G, right) . In contrast to these two strains, M31OK3 did not form any colony on soft agar. M31OK1, M31OK-D and M31OK3 were not tumorigenic in athymic mice despite that tumorigenesis of SAS cells was shown in side-by-side experiments (detailed analysis not shown).
hTERT and miR-31 expression contribute to phenotypes of the M31OK lines Treatment with si-hTERT oligonucleotide resulted in hTERT messenger RNA expression being downregulated in M31OK1 cells, whereas treatment with miR-31 locked nucleic acid resulted in the downregulation of both miR-31 and hTERT ( Figure 4A, upper) . Knockdown of both hTERT and miR-31 significantly decreased the growth and migration characteristics of the M31OK1 cells ( Figure 4A, lower) . Knockdown of both hTERT and miR-31 slightly decreased migration, but did not change the growth of M31OK3 cells ( Figure 4B ). Knockdown of both hTERT and miR-31 drastically decreased the growth and migration of M31OK1-D cells ( Figure 4C, upper) ; furthermore, it also decreased the AIG of M31OK1-D cells ( Figure 4C,  lower) . Overall, hTERT and miR-31 expression was found to be Figure 5C ). However, knockdown of hTERT did not change E-cadherin or vimentin expression (Supplementary Figure S5A , available at Carcinogenesis Online, left). In OECM-1 cells, the miR-31 mimic treatment downregulated FIH and E-cadherin and upregulated vimentin. Since vimentin expression in M31OK3 was barely detectable, knockdown of miR-31 exhibited no effect on E-cadherin or vimentin expression (Supplementary Figure S5A , available at Carcinogenesis Online, right). The changes of LATS2 and SATB2 expression following the knockdown of miR-31 in M31OK1-D cells were not opposite to those been changed in OECM-1 with miR-31 mimic treatment. It is unlikely that these genes could be miR-31 targets in oral keratinocytes. The expression of EZH2 and p16, which appear to be upregulated by HPV immortalization, was analyzed. The preliminary analysis showed that miR-31 expression was unable to modulate the expression of these genes in M31OK1-D cells ( Figure 5C ). 
miR-31 enhances epithelial cell immortalization
In both M31OK1-D and OECM-1 cells, knockdown of FIH resulted in a downregulation of E-cadherin, and an upregulation of vimentin and ZEB-1 ( Figure 5D ). In addition, knockdown of FIH significantly increased the proliferation and migration of M31OK1-D cells ( Figure 5E ). The results highlighted FIH as a target of miR-31 to regulate the immortalization and the genesis of epithelial-mesenchymal transition (EMT) in NOK. As VEGF is a downstream effector of miR-31/FIH/HIF, we further explored whether miR-31 is able to modulate the EMT via VEGF. Following VEGF treatment for 24 h, vimentin and ZEB-1 expression in M31OK1-D was upregulated, despite the fact that E-cadherin expression was not conspicuously changed ( Figure 5F 
miR-31 expression is associated with increased VEGF expression and decreased E-cadherin expression in OPMD tissues
In addition to miR-31 staining, immunohistochemistry for E-cadherin, Ki-67, p53, VEGF and vimentin were also performed on OPMD tissues to know their expression (Figure 6A , left; Supplementary Figure S6 , available at Carcinogenesis Online). Fifteen cases (30%) exhibited focal nuclear p53 immunoreactivity in basal cell layers. Scattered or clustered nuclear Ki-67 immunoreactivity was clearly seen in the basal or suprabasal cells of all lesions. Only four cases (8%) exhibited faint vimentin immunoreactivity in the lesions. Pixel analysis was not performed on these molecules. However, various extents of cytosolic VEGF immunoreactivity and cytosolic/membranous E-cadherin immunoreactivity were present in the OPMD tissue samples (Figure 6A, right; Supplementary Figure S6 , available at Carcinogenesis Online). The brown pixels of the VEGF signal and E-cadherin signal in OPMD tissues were 22-100% and 3-100%, respectively. A correlation between miR-31 staining and VEGF immunoreactivity was found in the OPMD samples ( Figure 6B) . A reverse correlation between miR-31 staining and E-cadherin immunoreactivity was also found in OPMD samples ( Figure 6C ). Figure 6D summarizes our thoughts on how miR-31 and its downstream targets collaborate with hTERT to immortalize NOK, and collaborate with other factor to drive the EMT of immortalized NOK.
Additional results are presented in the Supplementary Results, available at Carcinogenesis Online.
Discussion miR-31 is oncogenic for OSCC and eminently upregulated in OSCC (1, 7) . ISH analysis has identified miR-31 staining in tumor cells in human tongue SCC and in rat esophageal squamous cell carcinoma (10) . ISH analysis in this study detected intensive miR-31 staining across the epithelial component of OPMD samples comparing to faint miR-31 staining in basal epithelium of normal oral mucosa, which substantiates miR-31's potential role in the process of oral tumorigenesis. In addition, the current study pinpointed the eminent miR-31 upregulation during the early pathogenesis of OSCC even in hyperkeratotic or hyperplastic lesions, which are considered milder and earlier than epithelial dysplasia. Further studies are required to specify if miR-31 is a crucial molecule for oral field cancerization (29) .
Aberrations in hTERT, p53, p16, cyclin D1, EGFR and HIF, together with the HPV infection, are mechanistically important for OSCC establishment (17, 29) . Many studies have engineered these molecular aberrances in order to immortalize or transform keratinocytes, including oral keratinocytes (18, 19, (30) (31) (32) . Previous studies have also identified that additional molecular hits are required in order to allow the hTERT-mediated immortalization of human epithelial cells (33) . M31OK1 and M31OK3, both of which have exogenous expression of hTERT and miR-31, exhibit an infinitive life span, increased proliferation, increased migration, increased resistance to apoptosis and a non-attached status relative to NOKs and thus can be considered immortalized. However, they also exhibited different responses to drug treatment comparing to OSCC cells. Our knockdown experiments confirmed that both hTETR and miR-31 are required for the migration of these immortalized cells.
It should be noted that M31OK1 has acquired a p53 mutation at an early stage of the immortalization process and M31OK3 may also have undergone currently unclear molecular events at around PD = 30 in order to overcome a senescence crisis. Alternatively, the presence of miR-31 expression may cause oral epithelial cells to be disrupted in terms of repair (34) , which will render the cells more susceptible to genetic abnormalities. Due to the heterogeneity of NOKs, the failure of other NOKs to become immortalized may be a result of their sensitivity to viral toxicity or to poorer exogenous expression of the two genes needed to enhance self-renewal during their early passages. Although expression of miR-31 alone is not able to completely halt replicative senescence in NOKs, neither it can confound the function of hTERT in attenuating the senescence. A previous investigation showed that the immortalized keratinocytes become anchorage independent after long-term cultivation to PD > 1000 (35) . M31OK1 exhibits more eminent oncogenic features than M31OK3 and had achieved some AIG competence by PD = 50. The presence of serum in culture media induced differentiation of NOK and led eventually to replicative senescence (26) . Although M31OK1 adapts well to various culture media containing serum and M31OK-D exhibits significant AIG capability, this line was still unable to induce tumorigenesis in nude mice. M31OK1 can thus be regarded as partially transformed.
Since hTERT (20, 21) and miR-31 are both upregulated in OPMD, this functional study demonstrates for the first time that the expression of both hTERT and miR-31 are able to prolong growth and immortalizes NOKs. This cell model recaptures the molecular aberrances in OPMD and it is important to note that the cell lines that have been established are non-tumorigenic. Thus, our in vitro study validates the clinical relevance of these cell lines and signifies that these cells could be premalignant models at the different stage of the oral neoplastic process. A recent study has indicated that HPV16 E6 protein upregulates hTERT by activating hTERT promoter (36) . Our preliminary assay also suggested that miR-31 expression might affect the stability of the hTERT transcript. In view of the fact that tobacco ingredients and zinc depletion are able to upregulate miR-31 expression in bronchial epithelium (37) and esophageal epithelium (10), respectively, it seems likely that oral carcinogenic factors can upregulate hTERT and miR-31 in human oral epithelial cells and this then modulates the pathogenesis of OPMD.
Studies have indicated that p53 mutations may occur early in OPMD (38) . Neither M31OK1 nor M31OK3 carries HPV infection, but M31OK1 does harbor a p53 Arg273Leu mutation that occur prior to PD = 20. p53 mutations are frequent in OSCC cell lines and are present in spontaneously immortalized oral keratinocytes (39) . Codon 273 is the second most common p53 mutation hotspot in HNSCC (40) . M31OK1 exhibits more advanced oncogenic features than M31OK3, and p53 mutation have been reported to accelerate cell proliferation, which resembles the effects of HPV E6. Moreover, p53 mutation mediates additional activities during the process of keratinocyte immortalization (19) . Thus, this p53 mutation could be contributive to the rapid progression of M31OK1 immortalization. High miR-31 expression is frequently found in colorectal cancer cases to be associated with mismatch repair deficiency (41) . miR-31 expression has been found to repress the expression of several DNA repair genes that are critical for maintaining gene stability (34) . The p53 mutation in M31OK1 may be a result of defective genomic stability secondary to miR-31 expression. Although miR-31 is widely upregulated in the epithelium of OPMD, we only observed scattered p53 immunoreactivity in the basal or suprabasal layers of OPMD, which is similar to the findings in another study (38) . Analysis is needed to clarify the relationship between miR-31 upregulation and the presence of p53 mutation or other genomic alterations in OPMD tissues (2, 29) .
As the inactivation or downregulation of the Rb/p16 pathway collaborates with hTERT to the immortalization of human epithelial cells (33) , the identification of miR-31 as an assistant to hTERT during the immortalization of NOK could suggest a similar contribution for miR-31 to keratinocyte immortalization. E6/E7 expression in HNSCC is strongly associated with high p16 expression (42) . Whereas, there are also controversies regarding E6/E7 activity in modulating downstream effectors. For instance, E6 and hTERT was shown to upregulate the expression of polycomb repressive complex 1 core protein Bmi1, and Bmi1 substitutes for E6 or hTERT to cooperate with E7 for immortalization of dermal keratinocyte (43) . However, E6/E7 was also shown to downregulate Bmi1 and increase polycomb repressive complex 2 core protein EZH2 expression in dermal keratinocyte (44) . As no HPV DNA is detected in each immortalized line and no clue can support that EZH2 or p16 expression can be affected by miR-31, it is postulated that miR-31-dependent immortalization may undergo pathways irrelevant to HPV-dependent immortalization. Our previous work specified that miR-31 expression downregulated FIH by direct binding to the 3′-untranslated region of FIH in OSCC cells (1) . This study further validates FIH as a direct target of miR-31 in M31OK1-D cells. The preliminary analysis in this study has excluded LATS2 and SATB2 as potential targets during miR-31-dependnet immortalization (11, 12) . Our immortalized lines exhibited phenotypic features lying between normal and malignant oral keratinocyte. Since the FIH knockdown, which simulates the consequence of miR-31 expression, drives the increase of proliferation and migration in M31OK1-D cells, FIH could be one of the target molecules in miR-31-dependent immortalization.
The EMT is characterized by cadherin switching and the appearance of vimentin expression, which contributes to invasion and metastasis of carcinomas. HPV-positive HNSCC patients have a favorable prognosis. A previous investigation identified that the EMT of immortalized keratinocytes is able to be induced by some culture conditions. However, HPV16-transduced cells are unable to reach the EMT as the accumulation of transcripts associated with keratinocyte differentiation is present in HPV16-immortalized cells (45) . We have identified the miR-31-FIH-HIF-VEGF regulatory cascades in OSCC previously (1) . This study showed that the vimentin and ZEB-1 expression was barely detectable or absent in NOK and M31OK3, and that the EMT was not present in M31OK3. However, M31OK1 exhibited EMTassociated morphology and molecular features when compared with NOK cells. p53 was found to suppress EMT by upregulating miR-200 to target ZEB (46) . The expression of wild-type p53 could underlie the absence of the EMT in the M31OK3 line. In addition to p53 mutations, which are able to facilitate the EMT, our analysis further showed that the downregulation of FIH and the upregulation of VEGF are mediated by miR-31 expression and that this may also underlie the occurrence of the EMT in M31OK1 cells. The impact of FIH on the suppression of the EMT was particularly obvious. Despite the fact that E-cadherin expression was not consistently modulated by miR-31, FIH or VEGF in vitro, in vivo analysis clarified that there was a parallel increase in VEGF expression, linked to a decrease in E-cadherin expression, which is associated with miR-31 expression level in OPMD. VEGF can cause the EMT of intraepithelial lesions to undergo invasion in prostate cancer and this seems to be mediated by the Wnt pathway activation (47) . Coexpression of VEGF and stromelysin 3 in OPMD definitely has strong potential for malignant progression (48) . This study shows that high expression of miR-31 is able to regulate VEGF during OPMD (1) , and that VEGF expression underlies the induction of the EMT in M31OK1, which then results in aggressiveness.
Since the impaired oral epithelial fields adjacent to OPMD may carry genetic defects similar to OPMD or OSCC due to field cancerization (29) , the future validation of any anti-miR-31/anti-VEGF regimens in parallel with combinational telomerase blockage therapy may be able to intercept the recurrence or a new occurrence of OPMD (49) . miR-31 has been reported to target FIH in order to activate Notchmodulated differentiation of corneal keratinocyte via the expression of involucrin or other markers (50) . However, the notch pathway is frequently inactivated due to mutation during HNSCC carcinogenesis (29) . Our preliminary analysis found a mild regulatory effect of miR-31 on involucrin in M31OK1 cells. It seems likely that miR-31 may circumvent the notch pathway and induce the EMT partially through upregulating VEGF during the oral carcinogenesis process. Stemness is an important property for tumor growth and progression (27) . However, whether the stemness process is involved in this immortalization model is still questionable. Finally, it can be concluded that miR-31 may contribute to early oral carcinogenesis by facilitating cellular immortalization. In this context, an associated p53 mutation and VEGF upregulation, secondary to miR-31 expression, may be a step further toward more complicated neoplastic induction of the oral keratinocytes.
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